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Abstract
The overall hardness scale of the ultra-high energy neutrino-nucleon interactions is usually
estimated as Q2 ∼ m2W . The effect of non-conservation of weak currents pushes this scale
up to the top quark mass squared and changes dynamics of the scattering process. The
Double Leading Log Approximation provides simple and numerically accurate formula for
the top-bottom contribution to the total cross section σνN . Corresponding correction to σνN
appears to be numerically large. It is comparable with the leading contribution evaluated in
the massless quark approximation.
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New ideas [1] about the origin of neutrino fluxes from active galactic nuclei, gamma ray
bursts or from decay of exotic heavy particles inspired many publications on the ultra-high
energy (UHE) neutrino-nucleon total cross sections σνN [2, 3, 4, 5]. The UHE interactions
correspond to neutrino energy above Eν ∼ 108 GeV, where the gauge boson exchange probes
the gluon density in the target nucleon at very small values of Bjorken x. The gluon density
at small x is known to be a rapidly rising function of Q2. Its rise is tamed, however, by the
propagator of the gauge boson which sets the restriction [2, 3, 4, 5]
Q2 ∼< m2W . (1)
This value of Q2 represents the overall hardness scale of the process induced by the light
quark current, m2q ≪ Q2. The top-bottom current needs special care. In this communication
we show that the charged current non-conservation (CCNC) effect pushes the hardness scale
up to the top quark mass squared, m2t , and crucially changes dynamics of the process
1.
The differential cross section for the neutrino-nucleon interactions is expressible in terms
of the longitudinal, FL, transverse, FT , and left-right antisymmetric, F3, structure functions.
In standard notations it reads
x
dσνN
dxdQ2
=
G2F
2pi
(
m2W
m2W +Q
2
)2 [
(1− y)FL + (1− y + y
2
2
)FT + y(1− y
2
)xF3
]
, (2)
It is the longitudinal structure function FL which is the carrier of the CCNC effect. Indeed, for
longitudinal/scalar W-boson with polarization vector εLµ the vector or axial-vector transition
vertex W → tb¯ is ∝ εLµJµ ∝ ∂µJµ ∝ mt ±mb. Therefore, FL which is ∝ εLµTµνεLν provides a
measure of the CCNC effect, here Tµν stands for the imaginary part of the forward scattering
Compton amplitude.
To the Leading Log(1/x) Approximation, the operational definition of the differential glue
for any target is provided by the κ-factorization representation2 corresponding to the gauge
invariant sum of diagrams like that shown in Fig. 1
dσL(x,Q
2)
dzd2k
=
αW
pi
∫ d2κ
κ4
αS(q
2)F(x,κ2) (VS + AS + VP + AP ) (3)
1Preliminary results have been reported at the Diffraction 2010 Workshop [6]
2The differential cross section dσL,T /dzd
2
k to the lowest order in pQCD has been derived in [7]
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Figure 1: Diagrammatic representation of the κ-factorization formula (3)
where αW = g
2/4pi, g2 = GFm
2
W/
√
2 and F stands for the differential gluon density
F(x,κ2) = ∂G(x,κ
2)
∂ log κ2
.
We denoted by κ and k the gluon and t-quark transverse momenta, respectively, and by z
the fraction of the light–cone momentum of the W carried by the top quark.
At small x it is legitimate to discuss the νN -scattering in the laboratory frame in terms
of interactions with the target of the qq¯′-pair which the light-cone W-boson transforms into
at large upstream distances. The axial-vector AS and vector term VS describe the interaction
with the target of the quark-antiquark |tb¯〉 state with the angular momentum L = 0 (S-wave),
VS(mt, mb) =
g2V
Q2
{
2Q2z(1 − z) + (mt −mb) [(1− z)mt − zmb]
}2
×
(
1
k2 + ε2
− 1
(k− κ)2 + ε2
)2
,
AS(mt, mb) =
g2A
g2V
VS(mt,−mb), (4)
where
ε2 = z(1 − z)Q2 + (1− z)m2t + zm2b . (5)
In the charged current neutrino interactions gA = −gV = −1 and mb and mt stand for the
bottom and the top quark masses. The two terms AP and VP correspond to the quark-
antiquark states with the angular momentum L = 1 (P-wave) and are given by
VP (mt, mb) =
g2V
Q2
(mt −mb)2
(
k
k2 + ε2
− k− κ
(k− κ)2 + ε2
)2
,
3
AP (mt, mb) =
g2A
g2V
VP (mt,−mb). (6)
The P-wave component of the light-cone Fock state expansion for the longitudinal/scalar
W-boson arises entirely due to the current non-conservation. In the P-wave quark-antiquark
state |qq¯′〉 either quark or antiquark has wrong helicity, the quark is right-handed or antiquark
is left-handed. Normally, this configuration is suppressed asm2q/Q
2 but in our specific case Q2
is limited (see Eq.(1)) and m2q = m
2
t ≫ Q2. Therefore, to describe correctly the suppression
of wrong helicity states one needs more accurate treatment. We addressed this issue in [8, 9]
and quantified the CCNC effect in terms of the light cone wave functions in the color dipole
basis. Here we reproduce and extend the results of [8, 9] making use of the momentum
representation.
Consider first the P-wave component of Eq.(3). Separate the κ2-integration in (3) into
the soft,
κ
2 ≪ k2 ≡ ε2 + k2
and hard,
κ
2 ∼> k2,
regions of the gluon momentum. For soft gluons upon the azimuthal integration we get
∫
dϕ
(
k
k2 + ε2
− k− κ
(k− κ)2 + ε2
)2
≃ 2piκ2 ε
4 + (k2)2
(k2 + ε2)4
. (7)
In Eq.(3) the QCD running coupling αS(q
2) enters the integrand at the largest relevant
virtuality, q2 = max{k2,κ2}. To the Double Leading Log Approximation (DLLA) [10] one
can take q2 = k2 and for soft gluons we arrive at the fully differential distribution of the
t-quark in z and k,
dσPL (x,Q
2)
dzd2k
= αW (g
2
A + g
2
V )
m2t
Q2
αS(k2)G(x, k2)
ε4 + (k2)2
(k2 + ε2)4
, (8)
where m2b is neglected compared to m
2
t . Then, going from dσL/dzd
2k to the longitudinal
structure function,
FL(x,Q
2) =
Q2
4pi2αW
σL(x,Q
2)
we find the soft gluon contribution to the P-wave component of FL
4
F PL (x,Q
2) ≃ m
2
t
2pi2
∫
1
0
dz
∫
d2kαS(k2)G(x, k2)
ε4 + (k2)2
(k2 + ε2)4
, (9)
where
x =
Q2 +M2
W 2 +Q2
(10)
and in the soft gluon approximation
M2 =
m2t + k
2
z
+
m2b + k
2
1− z . (11)
The full z integration can be separated into two domains zm < z < 1 and 0 < z < zm, where
zm = max
{
0,
[
1− (m2t −m2b)/Q2
]
/2
}
. (12)
The leading contribution to F PL comes from
z ∼ 1− m
2
b
m2t +Q2
, (13)
when the t-quark carries almost 100 per cent of the longitudinal W’s momentum [8], so that
for zm < z < 1 we can make a substitution dε
2 = −(Q2 +m2t )dz. Then
F PL (x,Q
2) ≃ m
2
t
m2t +Q2
∫ ε2m
m2
b
dε2
ε2
αS(ε
2)
3pi
G(x, ε2). (14)
Here the hardness scale for Q2 ≤ m2t −m2b is
ε2m = m
2
t (15)
and for higher Q2 > m2t −m2b it is
ε2m =
1
4
(
Q2 +m2t +m
2
b
) [
1 + (m2t −m2b)/Q2
]
; (16)
The CCNC also affects the S-wave component of the longitudinal structure function,
FL = F
P
L + F
S
L .
One can see that both the S-wave and P-wave parts of FL correspond to very different
z−distributions. The P-wave component is dominated by z ∼ 1 while the S-wave term
integrated over k has approximately uniform z-distribution. A narrow peak in the S-wave
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z-distribution at z → 1 rises to ∼ (m2t +Q2)/m2b but its width is δz ∼ m2b/(m2t +Q2) and this
singularity does not affect the DLLA estimate
F SL (x,Q
2) ≃ 2αS(ε
2)
3pi
G(x, ε2), (17)
where
ε2 ≃ (Q2 + 2m2t )/4
We neglected here the contribution of hard gluons to the proton longitudinal structure
function. Therefore, the DLLA gives the lower estimate for FL.
Then the contribution to σνN ,
σνN =
∫ s
Q2
0
dQ2
∫
1
xt
dx
(
dσ
dxdQ2
)
, (18)
coming from the absorption of longitudinal W-bosons (we call it the CCNC contribution) can
easily be estimated, in Eq.(18) xt = (m
2
t + Q
2)/s, y = (m2t + Q
2)/xs and s = 2mNEν . At
Eν = 10
12 GeV and for the input gluon density G(x, k2) specified in [11] this contribution
appears to be equal to
σνNCCNC ≃ 0.45× 10−31 cm2. (19)
While for the gluon density from [12] we arrive at
σνNCCNC ≃ 0.56× 10−31 cm2 (20)
For comparison, the frequently used approximation of massless quarks gives the total cross
section σνN which for different input gluon densities varies in a rather wide range [4]. For
example, at Eν = 10
12 GeV ,
0.2× 10−31 cm2 < σνN < 1.5× 10−31 cm2. (21)
Thus, the CCNC correction to the massless σνN is comparable with σνN .
At small Bjorken x the unitarity/saturation effects enter the game [13, 14]. Corresponding
correction to σνN was estimated in [5] as a 50 per cent effect. Particularly, it was found that
the account of the unitarity turns the charged current cross section
σνN ≃ 1.× 10−31cm2,
6
at Eν = 10
12 GeV into
σνN ≃ 0.5× 10−31cm2.
In [5] the massless quark approximation was used. The unitarity effect is known to depend
on the hardness scale of the process. The first higher twist correction is usually estimated as
[15]
∼ αS(Q
2)
Q2
G(x,Q2)
piR2
.
It was noted above that the CCNC hardness scale is much “harder” than the corresponding
scale for light flavors: m2t ≫ Q2 ∼ m2W . Therefore, the unitarity correction to the CCNC
component of σνN is expected to be much smaller.
Summarizing, it is shown that in the UHE neutrino interactions the higher twist corrections
brought about by the non-conservation of the top-bottom current dramatically change the
longitudinal structure function, FL, Eqs.(14). We started with the κ-factorization formula for
the differential cross section dσL/dzd
2k and derived simple and numerically accurate DLLA
expression for FL. It is worth emphasizing that the appearance of the factor m
2
t/(m
2
t +Q
2)
in (14) is not a property of the interaction of tb¯-dipole with the target but the property of the
light-cone density of tb¯-states [8]. Only relative smallness of Q2 restricted by Eq.(1) prevents
the contribution of the CCNC term to σνN from vanishing. The rapidly rising gluon density
factor provides its additional enhancement. We neglected here the contribution of hard gluons
to FL. Therefore, the DLLA gives the lower estimate for the CCNC contribution to σ
νN .
This contribution appears to be numerically large and comparable with σνN evaluated in the
massless quark approximation. Curiously, the CCNC effect in its competition with massless
calculations gains momentum also from the unitarity suppression which is much stronger for
the massless component of σνN .
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